Air dry potato starch (84.9% d.s.) was subjected to pressurizing under the pressure of 50, 100, 250, 500, 750, 1000 and 2000 MPa for 1 h. The physical properties of pressurized starch, such as morphology, surface and crystalline structure, gelatinization parameters, were studied by means of scanning and atomic force microscopy (SEM/AFM), X-ray diffraction (X-ray), differential scanning calorimetry (DSC). The susceptibility to the amylolytic enzyme (-amylase) was also measured. Application of pressure in the range of 50-2000 MPa results in an increase in the compressed potato starch bulk density, change in the contours of the granules from oval to polyhedral, increase in the roughness of the granule surface, vanishing of the X-ray refl exes generated by the orthogonal structure and weakening of the refl exes generated by the hexagonal structure, lowering of the enthalpy of starch gelatinization, and the enhancement of hydrolytic susceptibility of starch granules to the amylolytic enzyme.
INTRODUCTION
Starch granules can be modifi ed by high hydrostatic pressure (HHP) treatments. First papers on the effect of HHP on starch were published in 1981 1 (250 MPa) and 1982
2 (up to 400 MPa). Under high pressure, starch undergoes morphological and structural changes. It also exhibits different gelatinization parameters (starch granules swell easier and have a lower initial gelatinization temperature) as well as different rheological properties [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Depending on the crystalline structure of starch (type A, B, or C), its humidity and pressurizing conditions (pressure, duration of pressurization, temperature) -the structural changes can be so deep that the semi-crystalline in form starch granule, insoluble in cold water, can transform to the amorphous form, partially soluble in cold water and characterized by a higher susceptibility to α-amylase 16, 17 . An advantage of the HHP treatment of the starch, that could fi nd a practical application in the future, is the possibility of reduction of the content of thermally generated free radicals 18 . Among all kinds of starches, the potato starchclassifi ed on the basis of X-ray diffraction as a type-B starch -is distinguished by the highest resistance to the action of HHP 17, 19 . It may be supposed that the high resistance of the potato starch to pressure, in particular that of air-dry starch, explains why most investigations into the applications of HHP pertained to the type-A starch (corn, waxy corn, wheat, rice, oat, barley) and type-C starch (tapioca, smooth pea, water chestnut) in high water excess conditions, and hence dealt with conditions and substrates that relatively easily showed distinct changes in their characteristics at pressures up to 1000 MPa. For example, with high water excess (mostly, starch 5÷25% suspension), the pressure of 400 MPa suffi ces for gelatinization of the wheat starch, and the pressure of 800÷900 MPa -for gelatinization of potato starch 4 . Only few investigators 3 tried to apply HHP (800÷1200 MPa) to air-dry potato starch.
Hence, a gradual tendency can be noted to apply higher and higher pressures in the investigations of the native and gelatinized starch. For example, the pressure of 1500 MPa was applied to potato, maize and wheat starch granules 9 and pressures from 1500 to 5900 MPa to maize starch gels 20 . In the past investigations, HHP pressurization was performed for various intervals, ranging from several minutes 21 up to several dozens of hours 22 . The results indicate that prolongation of the duration of the pressurizing to over one hour is not very effective 17, 23, 24 . Accordingly, studies were undertaken with the aim of defi ning the effect of high pressure up to 2000 MPa, acting for one hour at ambient temperature (20°C), on air dry potato starch, and a further characterization of its physical properties as well as determination of its susceptibility to enzymatic depolymerization at a relatively low temperature (45°C), lower than the gelatinization temperature of native starch.
MATERIAL AND METHODS

Material
Starch
Potato starch (air dry -pneumatic drying) with 15.1% of water and 0.4% of the aggregate content of non-starch substance (ash -0.29%, protein -0.06%, fat -0.05%), was produced by Zakłady Przemysłu Ziemniaczanego at Niechlów (Poland). The spread in size of starch granules ranged between 8 and 85 μm, the sizes of most grains falling between 30 and 50 μm (Fritsch Particle Sizer Autosieb/a20 apparatus).
Enzyme α-amylase -the enzyme produced by submerged fermentation of a genetically modifi ed microorganism Bacillus licheniformis -Liquozyme® Supra (Novozymes Co.) with activity of 135 KNU/g (1 KNU -the amount of enzyme which breaks down 5.26 g starch per hour using the Novozymes standard method).
Methods
Preparation of physically modifi ed starch
Potato starch was subjected to the HHP of 50, 100, 250, 500, 750, 1000 MPa for 1 h at room temperature in the hydraulic press, the construction of which was described in the paper 18 . Starch powder was inserted into the appropriate pressure chamber. Then it was put into the hydraulic press. Pressure was gradually raised up to 1000 MPa (about 2 min). The sample was pressurized for 1 h, with subsequent reduction down to the atmospheric pressure (about 1-2 s). After the set time of the pressurizing (1 h), there was no increase in the sample temperature in relation to ambient temperature (about 20 o C). Potato starch was also pressurized under 2000 MPa (about 3 min.) in a home-made device developed for attaining super-high pressures up to 3000 MPa 25 . In the standard hydraulic press theoretically we can obtain higher pressure than 1000 MPa. However, in practice it is diffi cult to obtain this value of pressure. The standard pressure chamber is made of hardened steel, which can not withstand pressures higher than 1000 MPa. It is necessary to use the materials harder than hardened steel, such as tungsten carbide (WC). This device was constructed for measurements the ferroelectric effects in TGS 25 .
Density measurement
The density measurements were performed according to the requirements of the Polish Standard (PN-A-74702--3:1998 -Potato products. Test methods. Determination of bulk density).
Scanning electron microscopy (SEM)
Morphological characteristics of granules of potato starch were viewed using scanning electron microscopy ZEISS EVO 40 XVP voltage of 16 kV. The sample of starch was placed on a bilateral carbon sticker fi xed to the SEM table. Subsequently, gold was sputtered on the sample in an ion sputter (voltage 250 V, sputter time 240 s). All experiments were carried out at room temperature and ambient humidity.
Atomic force microscopy (AFM)
AFM imaging was performed with Bruker Icon atomic force microscope (AFM). Images were recorded in tapping mode using PPP-NCLR silicon probes (NanoAnd--More GmbH) and Bruker SNL cantilevers. AFM images were collected and analyzed using WS×M computer program 26 . All experiments were carried out at room temperature and ambient humidity.
The roughness (RMS) was analyzed by WSxM software. Used formula:
were: R q is the RMS roughness, y i is the vertical distance from the mean line to the i th data point, n is number.
X-ray diffraction
The X-ray patterns of starches were obtained using a goniometer HZG 4 made by Freiberger Präcisionsme-chanik. Cobalt Kα radiation with crystalline fi lter type Fe was used. The radiations were collimated by a system of diaphragms and Soller slits. The operation setting for the diffractometer was 20 mA and 30 kV. The samples of diffraction scanned were from 5° to 30° with 0.05° steps and 6 s count time. The powder samples were fi lled in disk-like containers. The angles and intensities of diffraction refl exes were recorded using a detector and specialized software.
Differential scanning calorimetry (DSC)
Differential scanning calorimeter (Perkin Elmer, DSC-7. Norwalk, CT, USA), equipped with an intercooler, was used to determine the endothermic transitions of native and high-pressure treated starch. Prior to analysis, the DSC calorimeter was calibrated using indium (m.p. 156.6°C, ∆H f = 28.45 J/g) and n-dodecane (m.p. -9.65°C, ∆H f = 216.73 J/g). Potato starch samples of 3 ±0.2 mg were precisely weighted. Subsequently, 6 mg of deionized water was added, sample pans of 20 μl (Perkin Elmer, No. 0219-0062) were hermetically sealed and fi nally stored in a refrigerator (4°C) overnight to attain a uniform moisture distribution. Samples were analyzed by heating from 10 to 100°C at a scanning rate of 5°C/ min 27 . An empty pan served as a reference. The onset (T o ), peak (T p ) and completion (T c ) temperatures and the enthalpy (∆H) in J/g of dry starch were recorded using DSC 7 software (PYRIS). The enthalpy (∆H) in J/g per 1 g d.s. of starch was calculated.
Enzymatic hydrolysis of starch
The preparation of α-amylase Liquozyme® Supra with the ratio of 0.54 KNU/g of dry substance (d.s.) of starch was added to the 10% starch-water suspension of native and physically modifi ed (0, 50, 100, 250, 500, 750, 1000 and 2000 MPa for 60 min) potato starch of 15.1% humidity, after bringing it to pH 5.2÷5.4. Hydrolysis was performed at 45°C for 24 h. In the hydrolysates the yield ratio was determined 28 , that is, the ratio of the amount of dry substance of soluble components obtained from starch hydrolysis to the amount of dry substance of starch introduced to the reaction, expressed in weight percent. At the same time, another reaction without the addition of the enzyme was performed.
Carbohydrate composition of hydrolysates
The qualitative and quantitative carbohydrate composition was analyzed by chromatography (HPLC Hewlett--Packard Model 1050) with use of Aminex HPX-42A column (4% cross-linking of the cation exchange resin silver form) -300 × 7.8 mm (Biorad Laboratories), equipped with a refractive index detector. Samples of 20 μl were fi ltered through a 0.45 μm membrane (Millipore Laboratories) and eluted with distilled and degassed water at a rate of 1.5 cm 3 min -1 at 85 o C.
Statistical analysis
The Statistica 10 software (StatSoft, Tulusa, USA) was used for statistical data DSC analysis. All the analyses were performed in triplicates. The fi rst stage in the statistical analysis and density measurement consisted in the verifi cation of variance homogeneity using the Hartley-Cochorn-Bartlett test. One-way ANOVA and the Tukey test were used to test the signifi cance of differences at the level α = 0.05.
RESULTS AND DISCUSSION
Density of granules
Native starch in a powder form was pressurized in a hydraulic press. The draw-pieces consisted of cylinders of a solid hard rock form. Due to the action of HHP the compressed starch granules became adjusted to the environment. The bulk density of the compressed starch in the form of draw-pieces is the measure of that adjustment. The infl uence of HHP on bulk density of compressed potato starch is shown in Figure 1 . At atmospheric pressure, bulk density of the potato starch amounts to 770 kg/m 3 . Bulk density of compressed starch increases from 770 to 1310 kg/m 3 with pressure increasing from the atmospheric pressure up to 100 MPa. In the range from 100 to 1000 MPa, compressed starch bulk density is stable and climbs from 1310 to 1390 kg/m 3 . Under the pressure of 2000 MPa, the compressed starch bulk density attains the value of 1700 kg/m 3 . It is a value higher than that of the specifi c density of the granules of native potato starch, which amounts to 1650 kg/m 3 29, 30 . It may be considered an evidence of disintegration of the original structure of starch granules.
to the native starch granules. Application of pressure of 50 MPa leads to noticeable changes in the shape of granules from oval to the polyhedral. As pressure increased, especially from 500 MPa and above, these changes are increasingly pronounced; fl attened walls appear which meet along lines of intersection forming certain angles. These changes result from a denser packing of individual granules, which is a consequence of the ever increasing pressure. At the pressure of 2000 MPa, an overwhelming transformation of the grain takes place. The appearance of amorphous form takes place, even though deformed granules having the form of polyhedra are still visible.
Other researchers also observed changes in form of the native starch granules under high hydrostatic pressure, but changes as signifi cant as the current ones were not detected, because distinctly lower pressures were applied by them. 
Morphology of granules
The comparison of shapes of granules of native starch and those pressurized at 50, 100, 250, 500, 750, 1000 and 2000 MPa for 1 h with the use of SEM is presented in Figure 2 . It was established that starch granules subjected to high pressure have a different appearance as compared Surface structure of granules A scanning atomic force microscope (AFM) has been applied to the study of surface structure of potato starch granules, making possible the studies on micrometric as well as nanometric scales. The surface of native starch (Fig. 3Aa) is characterized by the presence of ordered blocklets with diameters in the range of 20÷30 nm. The structure of those blocklets is similar to that described earlier in the samples observed with TEM investigations 31 and those investigated with AFM
32-35
. The surfaces of the starch granules pressurized at 750 MPa (Fig. 3Ab) are coarser than those of native granules. The measure of coarseness of the surface is the roughness (RMS), which for native starch granules amounts to 1.7 nm and for the granules pressurized at 750 MPa amounts to 2.5 nm. The surfaces of starch granules pressurized at 2000 MPa (Fig. 3Ac) lose the typical lamellar structure. The latter structure is characterized by a still higher coarseness: its roughness (RMS) amounts to 9.19 nm. In Figure 3B , images of surfaces of the aforementioned granules in a larger blowup than in Figure 3A along with the material contrast (phase) images are shown. Analysis of contrast images indicates differences in the mechanical properties of pressurized granules as contrasted to the native starch ones. It is noticeable in particular for granules pressurized at 2000 MPa, where 2000 MPa is followed by the destruction of the existing structure of granules. An amorphous form appears, next to which granules in the form of polyhedra are present (as shown by SEM images). Analysis of AFM contrast images of the granules pressurized under 2000 MPa can indicate that there occurs a non-uniform transformation of starch grain.
The surface of starch plays an essential role in the process of its transformation and storage -it is the main factor affecting penetration speed of water and other components into the interior of starch granules. The state of the surface also affects the process of gelatinization of starch as well as its susceptibility to the acidic or enzymatic hydrolysis. Modifi cation of the surface of starch can essentially change the functionality and possibilities of technological applications of starch.
Thomson et al. 36 and Fannon et al. 37 observed that the presence of fractures, cracks and pores at the surfaces of starch granules enhances the susceptibility of starch to enzymes. Gallant et al.
31 noted that the susceptibility of starch to enzymes increases with the number of pores.
Crystallographic structure of granules
The infl uence of HHP on crystallographic structure of potato starch was investigated also by means of X-ray analysis. In the native starch, the amylose and amylopectin polymers occur alternately, forming semi-crystalline and amorphous layers. In the semi-crystalline layers, crystalline and amorphous layers occur. The former have the shape of double helices. Double helices can be arranged in an orthogonal pattern forming the A-type crystal, or in a hexagonal pattern forming the B-type crystal. Helices form fi brous structures with mutually parallel fi bers. The voids between helices can be fi lled with molecules of absorbed water 16, 38 . Crystallographic structures of native starch pressurized under HHP of 50, 100, 250, 500, 750, 1000 and 2000 MPa were investigated on the basis of X-ray diffraction patterns (Fig. 4A) .
A diffraction pattern of native starch is characterized by a diffuse background amorphous halo coming from amorphous structures, with the peaks stemming from the crystalline structures visible upon it. Peaks at the scattering angles 2θ (two theta) = 6.4° and 20° come from the hexagonal structure of type-B starch, but the maxima at the angles 2θ = 17.2° and 26.8° originate from the orthogonal structure of type-A starch
16, 38
. With the increase in pressure the refl exes related to the orthogonal structure gradually vanish and those related to the hexagonal structure also decrease. The increase in pressure causes a signifi cant broadening of the peaks related to the refl exes.
In the diffraction pattern of the native starch refl exes recognized as related to crystalline phases are observed. With the increase in pressure, the intensities of peaks related to crystalline phases of both types of starch decrease. The half-height width of those peaks increases. As pressure increases, one observes vanishing of refl exes from starch of orthogonal structure for the scattering angles 2θ = 17.2° and 26.8° as well as that of B-type starch for 2θ = 6.8°. However, the peak at the scattering angle 2θ = 20° (Fig. 4B ) is considerably broadened. The possible origin of that phenomenon might lie in a the contrast images testify for large differences in local mechanical properties. Research carried out by atomic force microscopy (AFM) and electron microscopy (SEM) shows signifi cant differences between the effects on the starch granules of pressures up to 1000 MPa inclusive and the pressure of 2000 MPa. The use of pressures up to 1000 MPa is followed by a more or less deformed shape of the starch grains. On the other hand, pressurizing under of disintegration of the crystalline structure of starch granules. Kudła & Tomasik 3, 39 and Liu et al. 9 stated that the degree of disintegration of the crystalline structure of starch increases proportionally to the pressure applied and to the duration of its action. The infl uence of water content in the starch pressurized at 690 MPa on its crystalline structure was investigated by Katopo et al.
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They concluded that a higher water content in the starch favors the disintegration of its crystalline structure (at the water to starch ratio 1:1) or causes a complete change of the crystalline structure into the amorphous one (water to starch ratio 2:1). Investigations by Błaszczak et al. 8 confi rm the effect of HHP on the structure of starch granules. In the latter research the 10% starch-water suspension was pressurized under 600 MPa for 2-3 min. It was found that starch pressurized for 2 min retains its typical granule form but prolonging the HHP treatment to 3 min leads to the formation of a fi brillar structure.
Gelatinization parameters
The results of research on gelatinization of the native potato starch and the pressurized one in the range from 50 to 2000 MPa, done with the differential scanning calorimeter (DSC), were collected in Table 1 , and the DSC thermograms were shown in Figure 5 .
The DSC thermograms and the data in Table 1 show that with increasing pressure applied to potato starch the values of all gelatinization parameters decrease. For the peak gelatinization temperature (T p ), the decrease ranges from 62.5°C (native starch) to 56.7°C (starch pressurized at 2000 MPa), which is as much as 5.8°C, or 9.3% reduction. Decrease in gelatinization enthalpy is even more profound. Gelatinization enthalpy of native starch (∆H) amounts to 16.5 J/g, and its lowest value was found for starch pressurized at 2000 MPa, namely 7.2 J/g; it means lowering by a factor greater than two of that parameter. The height of the thermal peak decreases most markedly for native starch, amounting to 0.1733 W/g, and only 0.0550 W/g for starch pressurized at 2000 MPa; it means lowering by a factor of 3.1.
Comparative studies of native and pressurized (200--430 MPa) potato starch were conducted also by Molinaprobable partial breaking of hydrogen bond in starch inducing a transformation from the crystalline structure to the amorphous one.
X-ray analysis leads to the conclusion that starch with B-type hexagonal structure becomes amorphous to a large extent and in the A-type there occurs a complete amorphization of the crystalline structure.
Our investigations complement those performed by Hibi et al. 19 under HHP up to only 500 MPa (suspension of starch and water 1:1, w/v). They found no possibility 
Effect of α-amylase on the yield of starch hydrolysis
Susceptibility of potato starch to the action of amylolytic enzymes, including α-amylase, is important in particular for the production of starch hydrolysates, the largest domain of potato starch manufacturing industry. The research of other authors, i.a., Molina-Garcia et al. 6 and the current investigations show, that the application of high pressure to starch leads to a lowering of the temperature and enthalpy of gelatinization.
The employed methods of the enzymatic hydrolysis of starch entail the stage of its liquefaction, which means the hydrolysis of gelatinized starch with the use of α-amylase in the temperature range 80÷105°C, by applying the bacterial α-amylase with suitable thermal resistance 44, 45 . The pressurizing of starch, which lowers the temperature and enthalpy of gelatinization, creates a potential for starch hydrolysis at a lower temperature. Accordingly, the investigations covered the susceptibility of HHP pressurized air dry potato starch to α-amylase at a relatively low temperature of 45°C, distinctly lower than that of potato starch gelatinization of 56÷66°C 44 , and even lower than its swelling temperature of 46°C
28 . The yield of starch hydrolysis expressed by the yield factor (y u ) is the measure of susceptibility of starch to α-amylase. The yield factor values for native and pressurized and thermostated (with no enzyme applied) potato starch as well as the hydrolyzed one (with enzyme application) were determined at 45°C - Figure 6 . The -Garcia et al. 6 They revealed a decrease in the values of gelatinization enthalpy of about 30% due to the pressurization. Kawai et al.
22 investigated a 10-70% potato starch-water suspension pressurized at 600-1000 MPa at 40°C for 18 to 66 h. They found that the gelatinization enthalpy value decreased with the decreased starch content and increased treatment pressure. The increase in the duration of pressurizing had only a marginal infl uence on the change in enthalpy. Liu et al. 41 also found a lowering of the gelatinization enthalpy of maize starch during pressurization in the range from 0.1 to 10 MPa. Liu et al. 42 obtained similar results during their study of structure and properties of tapioca and waxy maize starch obtained by pressurization (300-600 MPa for 30 min); they found that gelatinization temperature and viscosity of the gels decreased.
The results obtained in the current research agree with those by Katopo et al. 40 Both indicate that dry starch subjected to HHP exhibits lower gelatinization temperature and enthalpy than the native starch. Pressurization induces damage and disruption of the molecular order and crystallinity of the starch granules. Reduced temperature and enthalpy of gelatinization under HHP (120-600 MPa) in starch-water suspension of bean starch was observed also by Li et al. Table 1 . DSC thermodynamic characteristics of native and high-pressure treated starches collected data shows that potato starch pressurized under HHP and subsequently hydrolyzed with the application of α-amylase -as well as the thermostated one -show higher values of the yield ratio than native potato starch. In case of thermostated starch, the increase in the value of the yield ratio rises from 0.1% (native starch) to 3.2% (starch pressurized at 1000 MPa). The yield ratio for starch pressurized at 2000 MPa, in controlled temperature conditions, could not be determined due to the change in the starch structure -transition to the amorphous form.
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In the case of hydrolysis with application of α-amylase, the increase in the yield ratio ranges from 17.4% (native starch) to 53.9% (starch pressurized at 1000 MPa) and 71.1% (starch pressurized at 2000 MPa). The application of α-amylase to potato starch pressurized at 2000 MPa increases the real yield of soluble components by 53.7 percentage points. The data presented hereinbefore show that as the pressure acting on potato starch increases during hydrolysis below gelatinization temperature (45°C) with application of the liquefying enzyme, the susceptibility of potato starch to the liquefying enzyme signifi cantly increases and the increase of the pressure leads to an enhancement of the hydrolysis yield, as measured by the value of the yield ratio.
On the basis of the analysis of the determined yield factors it can be assumed that the application of pressures higher than 2000 MPa (the highest in current research) to air-dry potato starch could help reach an even higher yield factor and, in this way, the yield of hydrolysis at 45°C would come closer to the yield of starch hydrolysis at 85°C.
In order to determine the infl uence of HHP on the carbohydrate composition, using starch pressurized at 1000 MPa as an example, we compared the corresponding carbohydrate compositions of hydrolysates of pressurized and native starch. The following results were obtained for carbohydrate relative contents (%) -for pressurized starch (native starch): glucose -2.7 (2.5), maltose -11.7 (10.9), maltotriose -16.2 (13.2), maltotetraose -4.6 (7.3), higher sugars -64.8 (66.1), respectively. It can be observed that the carbohydrate compositions of hydrolysates obtained from native and pressurized starch are close to one another and typical for the applied enzyme -α-amylase. It means that the pressurizing of the potato starch does not affect the carbohydrate characteristics of the obtained hydrolysates.
Investigations of the susceptibility of previously pressurized starch to amylolytic enzymes were carried out also by Selmi et al.
46 They used starch of a different botanic origin (maize and wheat) and found that application of HHP (400 and 600 MPa) signifi cantly enhances the yield of wheat starch hydrolysis. However, the yield of hydrolysis of maize starch is comparable to that of thermally gelatinized starch.
Recapitulation
High hydrostatic pressure acting on the granules of air-dried potato starch causes their higher mutual adhesion and compaction. The starch granules that undergo compression adapt to the environment, which on one hand results in an increase in bulk density and on the other hand -in the change of the granule shape from the oval to the polyhedral. Already a pressure of 50 MPa leads to a change in the shape of the starch granules, however, they become easily identifi able from the pressure of 500 MPa (SEM and AFM micrometric scale). The bulk density of the compressed starch granules increases distinctly already at a pressure of 50 MPa (1270 kg/m 3 , compared to a value of 770 kg/m 3 for native starch). Pressure of 2000 MPa produces an increase in the bulk density up to 1700 kg/m 3 . This value exceeds the density of the native potato starch, which amounts to 1650 kg/m 3 . It refl ects the signifi cant transformation of the existing structure of the grain. These transformations of the grain structure are confi rmed by the criteria for evaluating the changes in the physical properties of starch in terms of quality, such as crystallographic studies (X-ray) and those using the atomic force microscope (AFM). X-ray analysis indicates the coexistence of amorphous and crystalline structure of starch. As the pressure gets higher and higher the granules show a tendency to gradual amorphization. The AFM analysis shows that at the surface of the grain pressurized at 2000 MPa the typical lamellar structure characteristic of native starch disappears. As a result, the coarseness of the grain increases. A measure of the coarseness is the roughness (RMS). With increasing pressure acting on starch, roughness increases by about 47% under pressure of 750 MPa, and more than four times (440%) under pressure of 2000 MPa. The non-homogeneous transformation of potato starch granules under pressure of 2000 MPa, which means the presence of the amorphous form, next to which one still can observe deformed polyhedral granules, , is confi rmed via the determination of the parameters of starch gelatinization by DSC. The DSC technique quantifi es the gelatinization parameters on the basis of the measured enthalpy. Although the gelatinization curve for starch pressurized at 2000 MPa still indicates an endothermic transformation, the value of the enthalpy of that transformation amounts to only 7.2 J/g and is more than two times lower than that observed in the case of native starch (16.5 J/g). Such a low value of enthalpy can be explained by the occurrence of the amorphous and granular forms of starch next to one another, which has been observed in SEM and AFM. Gelatinization temperature (T P ) is also reduced; it is full 5.8°C lower than the gelatinization temperature of the native starch.
In the native starch grain, amylose and amylopectin molecules are intertwined and are loosely connected by means of hydrogen bonds with participation of hydroxyl groups. We can assume that -as a result of high pressure -the structure of the starch granules is destroyed due to weakening and eventual breakage of the hydrogen bonds, which stabilize the conformational structure of macromolecules. This leads to changes in the physical properties of starch, which are described in the current research. The observed changes in the physical properties of the potato starch are confi rmed by their practical result, which is a signifi cant increase in its susceptibility to α-amylase, as evidenced by the high yield ratio value (71.1% for a pressure of 2000 MPa).
CONCLUSION
Air-dry potato starch subjected to the high pressure exhibits modifi ed physical properties as compared to the native starch.
As the pressure acting on the starch granules increases, the following changes occur:
-change in the form of the granules from the oval to the polyhedral, -increase in the bulk density of compressed starch, -change in the crystal structure; x-ray refl exes from the orthogonal structure disappear; the intensity of refl exes from a hexagonal structure decreases, -increase in roughness of the granules, -marked reduction in the gelation parameters -temperature and enthalpy of gelatinization.
The action of the high pressure on the air-dry potato starch granules leads also to a gradual increase (coupled with increasing pressure) in susceptibility of starch (hydrolysis yield) to the liquefaction enzyme (α-amylase), which creates the possibility of conducting the enzymatic depolymerization at reduced temperatures below the gelatinization temperature However, the pressure treatment of potato starch does not change the carbohydrate characteristics of the resulting hydrolysates.
The action of extremely high pressure -2000 MPa -on potato starch causes fundamental changes in its properties. Starch obtained in this manner shows a dual structure: the amorphous (caulifl ower-like) one and the granular one in the form of polyhedra. The starch that underwent such a treatment shows signifi cant changes in physical parameters (morphology, bulk density, surface and crystallographic structure, gelatinization parameters -temperature and enthalpy), which affect its technological usefulness, in particular its very high susceptibility to the hydrolytic action of amylolytic enzyme. Probably, at a suffi ciently high pressure (higher than 2000 MPa), potato starch can be obtained with properties similar to the gelatinized starch; hence, in our opinion, it would be advisable to continue this type of research.
Laboratory investigations of the effect of high hydrostatic pressure on potato starch in the air dry state indicate that the high pressure techniques can prove to be effective in changing its nature and physicochemical properties. However, it should be clearly stated that any attempts at the practical application of that technique will become possible only after a practical solution to the problem of the construction of the industrial apparatus destined for economically viable high pressure processing of starch will be found.
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